, and a set of samples of juvenile fishes from ICCAT-GBYP (n D 707). The resulting model (Ec 1), together with the model used for the eastern stock assessment (RW D 0.000019607 SFL
INTRODUCTION
The historical and socioeconomic importance of ABFT, its wide geographical distribution, and the seasonal variability of its presence in many areas, together with the repercussion that overfishing has had on stocks, particularly in the second half of the 20th century (ICCAT, 2010a) , are the reason why so many scientific studies on this species have been published, many of which are summarized or cited in the synopses by Bell on (1954); Tiews (1963) ; Mather et al. (1995) ; Fromentin and Powers (2005) ; Rooker et al. (2007); and ICCAT (2010b) . In this context, numerous studies have been made into lengthweight relationships, and many are cited in Cort et al. (2013) ; nevertheless, and owing to the great variability in the sizes of the ABFT caught in different areas (ICCAT, 2010a,b) , the different fattening stages (factor K), according to the months in which they are caught, make it practically impossible for a single length-weight relationship to represent all the annual biological phases of the ABFT.
Stock assessments made by the Standing Committee on Research and Statistics (SCRS) of the International Commission for the Conservation of Atlantic Tunas (ICCAT) for the ABFT follow the designation of two separate stocks and apply a different length-weight relationship to each of these; equation 1 (Parrack and Phares, 1979) , for the western stock, and equation 2, from Arena (in ICCAT, 2010b) , for the eastern stock. (2013, 2014) . We analyze the latter of these (equation 4) in the present study since it deals with a recently adopted model ICCAT, 2014a) to be applied in the futures ABFT stock assessments of the eastern stock. The attainment of a new length-weight relationship for eastern stock ABFT is also based on recommendation 13-07, paragraph 88 (ICCAT, 2014b) , whose aim is to make viable methodologies available to determine both the number (estimated by stereoscopic cameras) and the weight of the ABFT that are put into the transport cages during purse seine fishing operations in the Mediterranean.
RW
In view of the above considerations, the specific aims of the present study are:
(1) To review the ABFT length-weight relationships in the Atlantic and Mediterranean with the aim of determining those that best adapt to the growth of the ABFT.
(2) To present a length-weight model that could be applied to eastern Atlantic and Mediterranean ABFT throughout all months of the year, except for spawning fishes during the season after the spawn (July and August),
To compare the values of the presented model with other existing models to establish which model(s) best represent the reality as represented by the sample and, therefore, have the greatest descriptive and predictive power, and (4) To check how the analyzed models, for application in the eastern Atlantic and Mediterranean, adapt to the biology of ABFT growth.
MATERIAL AND METHODS

Literature Review
Of the 59 length-weight relationship studies for the ABFT in the Atlantic and Mediterranean that were consulted, 147 equations were analyzed. This analysis was performed on the basis of the L max and W max , assuming that for RW D 725 kg (W max ), SFL D 319.93 § 11.3 cm (L max ), as demonstrated by Cort et al. (2013 Cort et al. ( , 2014 , selecting those equations in which this condition was met.
Sample Used and the Model Presented
The sample used and the model presented are based on samples from the Atlantic traps of Morocco (Abid et al., 2014, and INRH Database) , Portugal (IPMA database, in Cort et al., 2013), and Spain (Rodr ıguez-Roda, 1967 and IEO database) , and a number of samples from the database of the Program ICCAT-GBYP selected at random, which cover for the lack of lengths of young ABFT in the previous cases. In the three cases (traps of Morocco, Portugal and Spain), the mean value of K (Ricker, 1975) of the selected samples is K > 2.
The bi-variant sample used is the following: June, 1984 June, -1988 Model EAST is the last adaptation made by the two authors to the models published by Rodr ıguez-Mar ın et al. (2013, 2014) , a model based on a disproportionate number of ABFT due to the fact that approximately 60% of the dataset corresponded to specimens smaller than 2 m SFL.
Outliers
Outliers were removed on the basis of the application of fixed values of Fulton's condition factor K between 1.4 and 2.6, according to Cort et al. (2013) .
Comparative Validation Study, Goodness of the Fit, Positional Indicators, and Analysis of Residuals
The three models were compared considering a bivariate sample [SFL (cm), RW (kg)] of 474 pairs of data (MORCGBYP) to validate them and, therefore, establish which model(s) best represent the reality represented by the sample and to establish those that give greater descriptive and predictive power. Obviously, the real predictive value of the models will depend directly on the representativeness of the sample with respect to the overall reality that we are trying to model.
For the validation of the models we used the sample MORCGBYP, upon which the calculation of several indicators and statistical estimators has been made, establishing in all cases that a 95% confidence level was required. For a better and clearer interpretation of the results, in the tables a progressive use of letters has been used for the models, from (a) to (d), which would indicate the ranking of the models from the best (a) to the worst (d), with intermediate qualifications (b) (worse than a) and (c) (worse than b but better than d).
First, descriptive indicators were calculated that take into account the distance of the real values from the values estimated by the models, without taking into account whether the model over or underestimated the weight values: Coefficient of determination (R 2 ), mean absolute error, standard error of the absolute error, mean relative error, and standard error of the relative error. In addition, the confidence intervals have been calculated to 95% for the mean absolute error and for the mean relative error, intervals which are robust estimates for the statistics described. On the other hand, for a valid predictive model, the real data should be distributed on both sides of the curve such that around 50% of the data must be above the curve and the other 50% below it. Hereafter, this property will be referred as the equi-distribution property. The equi-distribution property was evaluated by calculating for each equation the percentages of real data that are above and below the curve and through the confidence intervals (to 95%) for these proportions. Good behavior of the model demands that the confidence intervals contain the proportion 50%. Lastly, an analysis was made of the residuals for each model. The residuals are the values obtained when calculating the difference between the real value of the weight and the value estimated by the model, taking into account the sign (the difference may be positive or negative). A good fit of the model to the data must give rise to values of the residuals with a mean approximately equal to zero and a standard deviation not too large. It is therefore desirable for a good model that the confidence interval (to 95%) for the mean of the residuals to contain 0 and that the standard deviation to be as small as possible.
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Quantile Regression
With the aim of obtaining a more complete and robust analysis of the relationship between the variables length and weight and an approximate idea of the evolution of the distribution of weight as the ABFT grow in size, quantile regression technique (Koenker and Bassett, 1978; Koenker, 2005) was used, considering the data of the sample (MORCGBYP).
Taking into account the model RW D a*SFL b , the different curves corresponding to the selection of the quantiles 5, 25, 50, 75, and 90% were obtained (Koenker, 2008) .
The curves obtained through quantile regression offer a closer idea of the way in which the cloud of points evolves. Least squares simple regression only offers an idea of how the mean value of the weight evolves when length increases. Moreover, least squares simple regression is much more sensitive to extreme values than quantile regression, which leads to the fact that quantile regression is particularly useful in the presence of atypical values, heteroscedasticity contexts or structural changes in the data.
Fit of Equations Ec 1 and EAST to Certain Samples and to the Growth Equation of the Stock Eastern. ABFT Isometry
The over or underestimation that may occur in models Ec 1 and EAST was calculated from the residual analysis when considering the different models. The study is based on the papers of De Metrio et al. (1995) and the samples from the traps used in the present study.
The same exercise was performed using the growth equation of the eastern ABFT stock L t D 318.85 [1¡ e ¡0.093 (t C 0.97) ] (Cort, 1991 (Cort, , 2014 , in weight.
According to Gulland (1971) , if the weight was proportional to the n power of the length, then the growth equation would be:
n where:
The estimate of W 1 was made by applying equations EAST and Ec 1.
Using the growth equation, length (in cm) of a group of ages (5, 10, 15, 20, 25 , and 30 years) was estimated and their corresponding value in weight (kg) applying the models EAST and Ec 1.
Since it is considered RW D a*SFL b the equation that establishes the relationship of weight to length, and also considering that isometric growth takes place when the fish, on growing maintains its form (b D 3, according to Granado Lorencio, 2002) , a comparison of the model EAST was established from the point of view of isometry based on a recent study (Addis et al., 2014) , which deals with the morphological variations of ABFT from the traps of Sardinia and the Bay of Biscay fishery. Combining the results of that study with the length-weight relationships of these two fisheries, some conclusions have been extracted regarding the nature of models Ec 1 and EAST.
RESULTS
Literature Review
One hundred and forty seven (147) length-weight equations obtained from 59 scientific articles were analyzed. In only three of these papers, 68 equations are presented: Di Natale et al. (2005) , 18 equations; Alot et al. (2011), 8 equations; and Rodr ıguez-Mar ın et al. (2013, 2014) , 42 equations. On the contrary, in the western Atlantic fisheries six papers with a total of 12 equations were consulted.
Most of the equations studied refer to the Mediterranean and eastern Atlantic fisheries, and in the length-weight relationships in these cases sizes range from small fish to the largest ones (20-315 cm). Thus, from the eastern Mediterranean and central the following papers were consulted: Ceyhan (2001); Akyol (2009, 2010) ; Karakulak (1999) ; Hossucu et al. (2001) ; Peristeraki et al. (2003); El Tawil et al. (2004) ; Hattour (1979 Hattour ( , 1984 Hattour ( , 2003 ; Deguara et al. (2010 Deguara et al. ( , 2011 Chang (1999); and Labidi and Nouar (2013) . From the western Mediterranean: Farrugio (1978) ; Addis et al. (1997) ; Sella (1929) ; Arena (1988) Navaz (1950); and Cort (1990) . In addition to these publications, there are numerous different equations from ABFT fattening farms: Tzoumas et al. (2010); Garc ıa (2003, 2005) ; Deguara, Galaz, M elich, and Belmonte and Mart ınez which are published in Cort et al. (2013); and Milatou and Megalofonou (2014) . Other papers: Le Gall (1954) and Scaccini (1965) , cited by Hattour (2003) , and Rey and Cort (unpublished), cited in ICCAT (2006) . The papers consulted from the western Atlantic fisheries are: Mather and Schuck (1960) ; Sakagawa and Coan (1973) , in Coan (1976) ; Berry and Lee (1977) ; Parrack and Phares (1979) , cited in ICCAT (2006); and Saltz et al. (2007) .
The 13 equations that comply with the criteria that for RW D 725 kg (W max ), SFL D 319.93 § 11.3 cm (L max ) are summarized in Table 1 . Seven of these are from fattening farms.
The values of K obtained for wild fish are between 1.9-2.2, the latter from Mediterranean Spanish waters (Alot et al., 2011) . The fattened fish have a K value between 2.0 and 2.3, the latter from Tzoumas et al. (2010) .
Sample Used and the Model Presented (Ec 1)
The sample used is shown in Figure 1 and the statistical summary in Table 2 .
The obtained model (Ec 1) based on a total of 707 pairs of values was:
The introduction of GBYP samples into the range of smaller lengths, confirms the homogeneity of ABFT juvenile growth already described by other authors (Furnestin and Dardignac, 1962; Cort, 1990) .
Outliers
In the database of Morocco, they have been found and eliminated nine ABFT out of the range of values of K established. These specimens had the following values: K D 2.7 (3 fishes); K D 2.8 (3 fishes); K D 2.9 (2 fishes), and K D 3.4 (1 fish).
Study of Comparative Validation, Goodness of the Fit, Positional Indicators, and Analysis of Residuals
The models given by Ec 1 and Ec 2 have an overall fit to the data, significantly better than the model given by EAST if we consider the values of R 2 , the mean absolute error and the mean relative error (Table 3) . Observe how the upper ends of the confidence intervals (at a 95% confidence level) for absolute and relative errors corresponding to the equation Ec 1 remain below the lower ends of the respective intervals corresponding to the model EAST. Even though there is a slight overlap between the confidence intervals corresponding to the mean absolute error of equations EAST and Ec 2, the mean absolute error of Ec 2 is clearly lower. Moreover, the upper limit of the confidence interval corresponding to the mean relative error of Ec 2 remains below the lower limit of the interval corresponding to the equation EAST (Table 4 and Figures 2 and 3) . Taking into account the goodness indicators of the fit described in Tables 3 and 4 , the models given by Ec 1 and Ec 2 fit the data better and, in principle, will have greater predictive power than the equation EAST.
On the other hand, in view of the results shown in Table 5 , no confidence interval for the proportions of real values either above or below the curves, contains the value 50, which indicates that no model satisfies equi-distribution property (95% confidence level). The models EAST and Ec 2 violate the property of equi-distribution, with EAST underestimating weight and Ec 2 overestimating it. In the case of the model EAST, 57.38% of the real values are higher than the estimated values, which indicate that this model clearly underestimates weight. The model given by Ec 1 violates slightly the equidistribution property, since the value 50 falls very close to the lower limit of the confidence interval (50.0356). The model that most clearly violates the equidistribution property is that given by Ec 2, since the corresponding confidence intervals are the ones that are the farthest from the value 50.
From the results of the analysis of the residuals (Table 6) , the difference between the mean and median values point to an important asymmetry of the residuals for the model EAST in comparison with models Ec 1 and Ec 2. The position of the residuals with respect to the value 0 can be checked visually in Figure 4a , b, and c where there are shown the residuals depending on weight for the three models. Only model Ec 1 strictly fulfills the requisite that the confidence interval for the mean of the residuals (to 95%) contains the value 0. The 95% confidence interval for the residuals of Ec 1 is the most accurate since, in addition to containing 0, it presents lower width, which means that it is a good predictive model with relatively low uncertainty. The mean values of the residuals are clearly lower, considering the absolute values, for models Ec 1 and Ec 2. The positive and negative values of the mean (as well as the confidence intervals) for EAST and Ec 2 confirm the tendency of these models to under and overestimate weight, respectively, although the magnitude of these values would indicate that the predictive power of model Ec 2 is greater than that of EAST (Ec 2 overestimates weight but does so slightly more when compared with EAST, which underestimates it). More specifically, the predictive power of EAST is right for small fish but underestimates the weight for fish weighting more than 100 kg ( Figure 4a ). Figures 4b and 4c , which correspond to Ec 1 and Ec 2, respectively, seem to show a similar predictive power for fishes heavier than approximately 100 kg. But the predictive power of Ec 1 is slightly better than the corresponding to Ec 2 for small fishes, as Ec 2 overestimates the weight in a greater way than Ec 1, for fish weighting less than approximately 100 kg. Figures 4a, b , and c and the information provided by the 95% confidence interval (Table 6) confirms that the best behavior of the residuals corresponds to the model associated to Ec 1. Taking into account all the results, it can be confirmed that the predictive model that would clearly (and plausibly) best explain the data of the sample is Ec 1. On the other hand, the model EAST would be evidently the least appropriate to explain the behaviour of the dataset. Table 7 shows the results for the parameters provided by quantile regression for the quantiles selected, calculated from the sample MORCGBYP. As seen in Figure 5 , the curve corresponding to Ec 1 is practically superimposed to the curve corresponding to the central (50%) or median quantile. Ec 2 is close to, but below, the curve corresponding to quantile 75 and EAST is below the curve corresponding to quantile 25, halfway between it and the one corresponding to quantile 5.
Quantile Regression
The Fit of Equations Ec 1 and EAST to Certain Samples and to the Growth Equation of the Eastern Stock-ABFT Isometry
With the broad sampling of catches by the French fleet in the western Mediterranean during May and June, 1994 (De Metrio et al., 1995) , very detailed results of the length distributions (cm) of ABFT caught was obtained (Table 8) . Applying the equations Ec 1 and EAST, it is observed that equation EAST underestimates weight by 12%, whereas equation Ec 1 underestimates it by 2%. The same exercise was performed with the remaining studies, which are presented in Table 9 (Rodr ıguez-Roda, 1967, and data from traps used in the present study). In accordance with the results of both tables, it can be seen that equation EAST underestimates weight by between 9 and 12%, whereas the differences on applying Ec 1 are 2%. Table 10 shows the result of the same exercise but applying the growth equation used by ICCAT's SCRS ABFT assessment group for the eastern stock (Cort, 1991 (Cort, , 2014 . First, the value of W 1 that is obtained on applying the equation EAST (570 kg) is an unreal value very far from the actual world record (679 kg; Fraser, 2008) , or from the official value of W max (726 kg; in ICCAT, 2010b; and 725 kg in Lebedeff, 1936 and Heldt, 1938) . The W 1 obtained by applying Ec 1 is much more realistic (655 kg). When comparing the results of the two models, the model EAST underestimates weight as ABFT ages increase. Thus, at age 5 (136 cm) the underestimation is 4%, whereas for age 30 (301 cm) it is 12.5%.
Applying the same methodology to Ec 2 (Arena, unpublished), currently used by the SCRS for the ABFT eastern stock (equation 2), an overestimation of 2% for fish between 2 and 3 m is obtained. In the same fisheries in which Addis et al. (2014) made their observations on ABFT morphology (the traps of Sardinia and Bay of Biscay), we found the following length-weight relationships:
Using data from Addis (in Cort et al., 2013) and Addis et al. (1997) 
DISCUSSION
There is a great number of studies on ABFT length-weight relationships, most of which were carried out in eastern Atlantic and Mediterranean fisheries. The results of these studies reveal that most of the equations are not representative of the ABFT population for various reasons:
(i) In some cases, the samples do not cover the whole length range, as in the juvenile fisheries, or in solely adult fisheries. (ii) In other cases, although the sample does cover the full length range, fishes in different fattening stages caught in different months of the year have been mixed together, as denoted by the condition factor K has large variations, or there is a disproportionate number of fishes of a certain size, mainly juveniles, in the sample.
Of the 13 equations selected (Table 1) , the 6 that belong to wild ABFT may fulfil all of the requisites to be representative of the wild population during the months in which the mean value of K is 2. The other seven equations selected deserve special attention, those obtained at the fattening farms, which confirm that the sampling made at these installations is systematic and of very high quality.
The idea behind the present study is that in order to obtain a representative length-weight relationship aiming its use for stock assessment process, fish in different fattening stages cannot be mixed. The samples selected for the current study belong to spawners ABFT with an index K 2, which are caught by the traps of the Strait of Gibraltar, of which it is assumed that the great majority enter the Mediterranean for the spawn in the western and central areas of this sea as it has been demonstrated by Rodr ıguez-Roda (1969) (2014) provides information to explain that in different parts of the Atlantic Ocean, the ABFT could also spawn, Table 6 Summary statistics for the residuals corresponding to the different models analyzed, with respect to the global data and confidence intervals (95%) for the average of the residuals although this has not yet been demonstrated. Therefore, the samples selected perfectly represent the ABFT that will be caught in the spawning grounds of the western and central Mediterranean Sea by the current fishing fleets, mainly purse seiners, a few days after passing through the Strait of Gibraltar. The equation presented adapts to the whole ABFT length range (20-300 cm) throughout the year with the exception, for spawners, of the months following the spawn (July-August), months in which the index of condition (K) is between 1.4 and 1.7 (Rodr ıguez-Roda, 1964; Santos et al., 2004; Aguado and Garc ıa, 2005; Chapman et al., 2011) , an index far from what spawning ABFT have (K 2), which indicates that during the postspawning phase should be a specific length-weight relationship, as Rodr ıguez-Roda (1964) demonstrated.
From September, the spawning ABFT recover their fattening condition, K 2 (Hamre and Tiews, 1963, and Phares, 1979) . In the eastern Mediterranean Sea, where spawning takes place one month earlier than in the western part (Karakulak et al., 2004a,b) , this date can happen previously.
Taking into account that the growth of the ABFT is equal for the two stocks (Restrepo et al., 2010; Cort et al., 2014) , a recent statistical analysis (Estruch and Cort, 2015) allows us to confirm that the length-weight relationship adopted by the SCRS (ICCAT, 2014a) to be applied in the western stock (equation 3) is not appropriate to explain the behavior of the eastern stock sample (MORCGBYP).
The results obtained from the various analyses performed, allows us to confirm that the model predictive that would clearly best explain the dataset (MORCGBYP), from a statistical point of view, is Ec 1, whereas model EAST would be the least appropriate to explain the behavior of the data.
If a sample (SFL, RW) is homogeneous and representative, except in exceptional cases, it will present a high degree of symmetry, which will be manifested in the curve corresponding to quantile 50, C50, which corresponds to the evolution Figure 4 Residual plots depending on RW. The figures (a), (b), and (c) correspond to the models linked to the equations EAST, Ec 1, and Ec 2, respectively. Figure 5 Graphs corresponding to the selected quantile curves (solid lines) and to the analyzed curves EAST, Ec 1, and Ec 2 (dashed lines). Table 7 Results for the parameters provided by the quantile regression for the selected quantiles calculated from the sample MOR C GBYP (in Figure 5 of the median, appearing quite centered when compared, on one hand with C25 and C75, and also if compared with C5 and C95 ( Figure 5 ). In this case, the curve obtained by simple least squares regression can be expected to best explains the evolution of the mean, to appear close to C50, which is clearly observed for Ec 1 (Figure 5 ). In the case of the curves Ec 2 and EAST, their separation with respect to the median confirms what was concluded in the previous statistical Table 8 -analysis, which is that Ec 2 slightly overestimates the representative central value of the weight and EAST clearly underestimates it. Therefore, based on the sample considered, EAST would only be representative of the length-weight relationship for tunas below the 25% percentile of weight for one size. The fit of the equations Ec 1 and EAST to real data from fisheries, such as French purse seiners in the Mediterranean and other examples, shows that there is significant underestimation of weight when using the model EAST. In the case of using the equation Ec 1, data very close to the reality are obtained, particularly when applied to the traps of Morocco, Portugal, and Spain, and Rodr ıguez-Roda (1967) , naturally because these are the data used for the fit of Ec 1; even so, the results are nearly identical to those of the remaining cases (De Metrio et al, 1995) .
Moreover, in view of the results of W 1 obtained on fitting the growth equation to the models Ec 1 and EAST, it is concluded that Ec 1 represents the biology of ABFT growth much better, and it can therefore be applied perfectly well to ABFT juveniles and spawning adults even when they have recovered the fattening stage when K 2, normally from September. Moreover, and as conclusive proof of its authenticity, model Ec 1 (also Ec 2) satisfies the criterion that for RW D 725 kg (W max ), SFL D 319.93 § 11.3 cm (L max ), in accordance with Cort et al. (2013; , while this is not the case for model EAST.
The exercises of fitting models Ec 1 and EAST to certain samples or to the growth equation we have just seen provide similar results which further confirm that the application of model EAST may lead to underestimation of the weight of the largest individuals by over 12%.
In the work carried out using ABFT samples (<2 m) caught by the traps of Sardinia and Bay of Biscay (Addis et al., 2014) , it is concluded that juvenile ABFT does not have isometric growth. Taking into account that a value of b (in RW D a*SFL b ) different to 3 is a manifestation of allometry, according to Granado Lorencio (2002) , and that in the length-weight relationships obtained in these two fisheries this is indeed what happens, it can be concluded that the value of the parameter b of model EAST (RW D 0.0000315551 SFL 2.898454 ) has the characteristics of the length-weight relationships of ABFT fisheries in which smaller fishes predominate, such as the Bay of Biscay or the traps of Sardinia. The reason for this may be that the fit of model EAST was made with a disproportionate number of small-sized ABFT, which makes this model the least appropriate of the three analyzed for application to large ABFT (>2 m).
As a final reflection, it must be highlighted that the results, on obtaining the parameters a and b corresponding to the equation RW D a*SFL b by means of least squares fit, are extremely sensitive to extreme values/outliers. A large sample with a lot of data (the case of EAST model) does not ensure that a statistically representative model will necessarily be obtained. A good predictive model will be obtained only from a really representative sample of the population whose length-weight relationship is to be modeled. The least-squares fit will provide a curve that explains how the mean value of weight evolves as length increases, and the mean value, for each length, is extremely sensitive to the presence of occasional extremely high or extremely low values. Also global bias in samples must be avoided, in the sense that avoiding that certain values dominate with respect to others (for example, for the same length or range of lengths, too many fishes of great weight with respect to fishes with less weight), when the real proportions in the population are violated. If the sample has some hidden bias, the sample size does not guarantee success in obtaining a good model to explain the length-weight relationship. Quantile regression offers a robust and complete approximation (much more than the least squares regression models) to the length-weight relationship, because, for each length, the quantile regression provides an approximation to the weight distribution, represented by diverse percentiles that we can select a priori. And last but not least, the recent adoption of a lengthweight model (ICCAT, 2014a) that underestimates the weight of the spawners (2-3 m) up to 12.5% may cause a significant impact on the results of future ABFT stock assessments for the eastern stock, particularly as in recent years the fisheries are catching mostly larger fishes. Therefore, prior to the next stock assessment in 2016, the SCRS should assess the impact of its 2014 decision by conducting sensitivity analysis on the light of the present findings.
